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High-resolution  electron  backscatter  diffraction  (EBSD)  was  employed  to 
establish  the  stability  of  microstructure  in  severely  cryo-deformed  copper  during 
long-term  static  storage  at  room  temperature.  The  material  was  shown  to  exhibit 
grain  growth  including  some  aspects  of  abnormal  grain  growth. 

Keywords:  Cryogenic  deformation;  Electron  backscattering  diffraction;  Copper; 
Nanocrystalline  microstructure;  Abnormal  grain  growth 

There  is  considerable  interest  in  the  potential  use  of  cryogenic 
deformation  for  the  production  of  nanocrystalline  materials  [e.g.  1-3].  It  is 
believed  that  low  homologous  temperatures  may  suppress  dynamic  recovery  and 
stimulate  mechanical  twinning  [2,3]  thus  enhancing  the  refinement  of  grain  size. 
The  subsequent  ambient-temperature  stability  of  the  microstructures  thus 
produced  is  an  important  consideration  with  regard  to  practical  use  of  such 
processing  approaches.  For  example,  primary  recrystallization  during  static 
storage  at  room  temperature  has  been  observed  in  cryogenically-rolled  copper 
[4,5].  This  unusual  phenomenon  was  hypothesized  to  be  associated  with  a  high 
density  of  vacancies  in  the  cryo-deformed  material  giving  rise  to  the  exceptionally 
high  grain-boundary  mobility  [4].  It  may  also  be  conjectured  that  such  instabilities 
may  be  exacerbated  with  an  increase  in  the  imposed  cryogenic  strain  such  as  is 
common  during  severe  plastic  deformation.  The  objective  of  the  present  work 
was  to  quantify  in  more  detail  such  microstructural  instability.  For  this  purpose, 
microstructure  changes  occurring  in  severely  cryo-deformed  copper  during  long¬ 
term  storage  at  room  temperature  were  documented. 

The  program  material  consisted  of  commercial-purity  copper  whose 
nominal  chemical  composition  is  given  in  Table  1.  The  as-received  hot-rolled  bar 
was  preconditioned  by  severe  “abc”  deformation  in  the  temperature  range  of  500- 
300°C  [6].  Following  forging,  disk-shaped  samples  measuring  10  mm  in  diameter 
and  2  mm  in  thickness  were  cut  from  the  central  part  of  the  billet  and  subjected  to 
cryogenic  deformation  via  high  pressure  torsion  (HPT)  under  an  applied  pressure 
of  4.5  GPa.  The  imposed  deformation  comprised  20  consecutive,  fully-reversed 
45°  rotations  in  the  clockwise  and  counter-clockwise  directions.  To  provide 
cryogenic-deformation  conditions,  each  test  sample  and  the  tooling  anvils  were 
soaked  in  liquid  nitrogen  and  held  for  20  minutes  prior  to  testing.  Heat-transfer 
calculations  revealed  that  the  warming  of  the  sample  and  anvils  prior  to  HPT  due 
to  free  convection  in  air  was  relatively  small,  resulting  in  temperature  increases  of 
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approximately  6°C  and  3°C,  respectively.  Immediately  after  deformation,  each 
sample  was  quenched  in  liquid  nitrogen  and  kept  at  77°K  for  approximately  1 
year  prior  to  examination. 

Microstructure  changes  during  static  storage  at  room  temperature  were 
quantified  for  periods  ranging  from  2  weeks  to  1 1  months.  To  provide  a  clear  idea 
of  microstructure  evolution,  all  observations  were  made  at  nearly  the  same  (mid¬ 
radius)  location  in  a  given  sample.  Microstructures  were  determined  primarily  via 
electron  backscattering  diffraction  (EBSD).  For  this  purpose,  samples  were 
prepared  using  conventional  metallographic  techniques  followed  by 
electropolishing  in  a  solution  of  70  pet.  orthophosphoric  acid  in  water  at  ambient 
temperature  with  an  applied  potential  of  5  V.  High-resolution  EBSD  analysis  was 
conducted  with  a  Hitachi  S-4300SE  field-emission-gun  scanning  electron 
microscope  (FEG-SEM)  equipped  with  a  TSL  OIM™  EBSD  system.  All  of  the 
EBSD  data  were  measured  on  the  disk  (shear)  plane;  the  sample  radial  direction 
(RD)  is  vertical  and  the  shear  direction  (SD)  is  horizontal  in  all  results  reported 
below.  Specifically,  EBSD  scans  consisted  of  ~400, 000-500, 000  pixels  and  were 
acquired  with  a  step  size  of  25-100  nm.  Although  the  spatial  resolution  of  EBSD 
is  a  matter  of  ongoing  debate,  it  is  believed  that  its  magnitude  may  be  as  low  as 
~10  nm  in  relatively  high  Z-number  metals  [7];  thus,  a  scan  step  size  as  small  as 
25  nm  was  reasonable.  To  minimize  measurement  errors,  all  grains  comprising 
less  than  3  pixels  were  automatically  removed  from  the  maps.  Furthermore,  to 
eliminate  spurious  boundaries  caused  by  orientation  noise,  a  lower  limit 
boundary-misorientation  cutoff  of  2°  was  used.  All  misorientation  angles  quoted 
are  relative  to  the  rotation  axis  with  the  minimum  misorientation.  A  15°  criterion 
was  employed  to  define  low-angle  boundaries  (LABs)  versus  high-angle 
boundaries  (HABs). 

All  measurements  of  grain  size  were  made  by  the  linear-intercept  method. 
Because  the  microstructures  developed  by  SPD  are  frequently  characterized  by 
a  complex  mixture  of  HABs  and  LABs,  there  is  often  some  confusion  in  the 
definition  of  grains.  To  clarify  this  issue,  the  term  “grain”  in  the  present  work 
refers  to  a  crystallite  bordered  by  a  continuous  boundary  having  a  misorientation 
of  greater  than  15°. 

To  obtain  a  broader  view  of  underlying  microstructure  changes,  the 
Vickers  microhardness  was  also  measured  on  each  sample  using  a  load  of  50  g 
for  10  s.  The  effect  of  the  static  storage  at  room  temperature  on  the 
microhardness  profile  across  the  sample  diameter  is  shown  in  Fig.  1.  After  15 
minutes,  the  microhardness  distribution  was  inhomogeneous;  the  well-known 
softening  near  the  centre  of  the  sample  was  found.  After  1 1  months  at  room 
temperature,  the  distribution  was  much  more  uniform  and,  more  importantly,  the 
magnitude  of  microhardness  was  substantially  lower.  These  measurements  thus 
provided  indirect  evidence  that  the  cryo-deformed  material  had  experienced 
significant  changes  over  time  at  ambient  temperature. 

EBSD  microstructure  maps  of  the  cryo-deformed  copper  obtained  after  2 
weeks  and  11  months  at  room  temperature  are  shown  in  Fig.  2.  The 
observations  revealed  major  differences  in  grain  structure.  These  differences 
were  noticeable  in  maps  taken  with  both  the  coarser  step  size  of  100  nm  (Fig.  2a, 
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c)  and  the  finer  step  size  of  25  nm  (Fig.  2b,  d).  In  all  maps,  LABs  are  depicted 
as  red  lines1  and  HABs  as  black  lines. 

The  microstructure  after  2  weeks  at  room  temperature  was  reasonably 
homogeneous.  It  was  dominated  by  nearly-equiaxed  fine  grains  with  an  average 
size  of  ~0.3  pm  (Fig.  2a).  The  grains  contained  a  high  density  of  LABs  with 
various  degrees  of  misorientation  (Fig.  2b);  the  total  LAB  fraction  constituted 
~40%  of  total  boundary  area.  Furthermore,  it  was  found  that  a  number  of  the 
high-angle  grain  boundaries  were  not  straight  but  rather  exhibited  bulges  that 
appeared  to  serve  as  the  precursor  to  the  formation  of  small  grains;  an  example 
of  this  observation  is  circled  in  Fig.  2b.  There  were  also  isolated,  relatively 
coarse  grains  in  the  microstructure  (indicated  by  the  arrow  in  Fig.  la).  These 
grains  typically  contained  a  very  low  orientation  spread  with  almost  no  LABs;  in 
other  words,  they  appeared  to  be  recrystallized. 

After  11  months  at  room  temperature,  the  microstructure  was  noticeably 
different  (Fig.  2c).  The  principal  feature  of  the  microstructure  after  this  longer  time 
was  the  appearance  of  a  number  of  abnormal,  coarse  (~10  pm)  grains  within  a 
matrix  of  fine  grains  (~  0.4  pm);  i.e.,  the  microstructure  had  become  essentially 
bimodal  (Fig.  2c).  The  very  large  difference  between  the  grain  sizes  suggests 
that  the  material  had  undergone  abnormal  grain  growth.  The  coarse,  abnormal 
grains  were  typically  free  of  LABs,  but  contained  some  coarse  rectangular¬ 
shaped  twins  and  even  sporadic,  fine,  unconsumed  equiaxed  grains  (Fig.  2c). 
Based  on  these  observations,  it  may  be  concluded  that  the  abnormal  grains 
originated  from  the  moderate-size,  recrystallized  grains  found  after  2  weeks  at 
room  temperature  (indicated  by  the  arrow  in  Fig.  2a).  Because  the  number  per 
unit  volume  and  the  size  of  the  coarse  grains  were  larger  after  11  months  (Fig. 
2a  vs  2c),  it  may  also  be  concluded  that  the  2-week  and  11 -month  observations 
represented  different  stages  of  the  same  abnormal  grain-growth  phenomenon.  A 
comparison  of  the  grain  sizes  in  the  fine-grain  regions  of  the  two  samples  (Fig. 
2b  vs  2d,  Fig.  3a)  suggested  that  these  grains  also  underwent  growth,  albeit 
more  normal-like,  between  2  weeks  and  1 1  months  at  room  temperature. 

The  EBSD  data  were  also  used  to  quantify  the  evolution  of  the 
misorientation-angle  distribution  (Fig.  3b).  These  measurements  were  expressed 
in  terms  of  specific  grain-boundary  length;  i.e,  the  total  grain-boundary  length  for 
a  given  misorientation  angle  (or  small  range  of  misorientation  angles)  divided  by 
the  area  of  the  EBSD  map.  As  shown  below,  this  metric  provides  a  better 
comparison  of  grain-boundary  characteristics,  thus  enabling  the  key  physical 
mechanisms  governing  microstructure  evolution  to  be  deduced  reliably. 

The  EBSD  measurements  revealed  that  the  specific  length  of  grain 
boundaries  in  the  misorientation-angle  range  of  ~2-55°  decreased  with  time  in 
air.  The  reduction  of  HAB  area  is  a  consequence  of  grain  growth  discussed  in  the 
previous  section.  The  migrating  grain  boundaries  would  also  have  eliminated 
some  portion  of  the  LABs,  thus  explaining  the  observed  decrease  in  the  specific 
length  of  such  boundaries.  Grain  growth  in  some  FCC  metals  (including  copper) 
is  known  to  be  frequently  accompanied  by  the  formation  of  annealing  twins  [e.g. 


1  The  reader  is  referred  to  on-line  version  of  the  paper  to  see  the  figures  in  color. 
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8],  Thus,  the  development  of  a  sharp  peak  near  60°  after  11  months  is  not 
surprising  as  well. 

The  operation  of  mechanical  twinning  has  recently  been  reported  in  cryo- 
deformed  copper  [2,3].  In  this  regard,  it  is  interesting  to  compare  the  fractions  of 
mechanical  and  annealing  twins  in  the  microstructure.  It  is  well  accepted  that  the 
misorientation  across  the  boundaries  of  the  mechanical  twins  may  deviate 
significantly  from  the  ideal  twin/matrix  relationship  due  to  the  deformation- 
induced  crystallographic  rotations  of  the  twin  and  matrix  from  their  initial 
orientations.  On  the  other  hand,  the  misorientation  across  the  boundaries  of 
annealing  twins  would  be  expected  to  be  close  to  the  ideal  60°  rotation  about  a 
<11 1>  direction,  because  such  twins  do  not  undergo  deformation.  Thus,  the 
deviation  from  the  ideal  23  misorientation  may  be  used  as  a  criterion  to  separate 
mechanical  twins  from  annealing  twins. 

The  distribution  of  the  misorientation  perturbation  along  the  twin 
boundaries  (within  the  Brandon  interval)  for  the  two  times  at  room  temperature  is 
shown  in  Fig.  3c.  After  2  weeks,  the  misorientation  across  the  twin  boundaries 
deviated  significantly  from  the  ideal  relationship.  This  suggests  that  mechanical 
twins  were  most  likely  predominant  in  the  microstructure.  By  contrast,  after  1 1 
months,  perturbations  from  the  ideal  twin  misorientation  were  much  smaller, 
being  within  the  typical  accuracy  of  EBSD  (2°).  This  latter  observation  indicates 
the  formation  of  annealing  twins  prevailed  during  longer  times. 

Textures  derived  from  low-resolution  EBSD  scans  (for  ~1 0,000-20,000 
grains)  are  shown  in  terms  of  111  pole  figures  in  Fig.  4.  For  comparison 
purposes,  the  ideal  textural  components  for  simple-shear  deformation  (which 
characterizes  HPT)  of  FCC  metals  [9]  are  also  included  in  the  figure.  In  all  pole 
figures,  the  shear  direction  (SD)  is  horizontal,  and  shear  plane  normal  (SPN)  is 
vertical. 

To  a  first  approximation,  the  texture  observed  after  2  weeks  at  room 
temperature  (Fig.  4a)  can  be  described  in  terms  of  the  superposition  of  partial 
110  and  111  fibers;  a  tendency  for  the  formation  of  the  BIB  simple-shear 
texture  components  was  also  noted  (Fig.  4c).  Part  of  the  observed  difference 
between  the  measured  and  ideal  textures  may  be  associated  with  a  deviation 
between  the  experimental  and  theoretical  shear  direction/plane.  Nevertheless, 
despite  the  large  strain  imposed  during  HPT,  the  texture  was  of  only  moderate 
strength,  as  is  typical  for  shear  textures  in  general. 

After  11  months  at  room  temperature,  the  texture  was  markedly  different 
(Fig.  4b)  in  comparison  to  that  seen  after  the  shorter  time.  This  trend  was  likely 
related  to  the  observed  grain  growth.  Although  some  texture  peaks  may  be  seen 
in  the  pole  figure  (Fig.  4b),  their  significance  from  a  statistical  standpoint  was 
difficult  to  ascertain  because  of  contamination  by  the  orientations  of  the  coarse, 
abnormal  grains  (Fig.  2c).  In  this  regard,  it  was  found  that  the  abnormal  grains 
themselves  did  not  belong  preferentially  to  any  specific  simple  shear-  or 
recrystallization  texture  component  (e.g.,  cube  or  Goss),  but  rather  had  random 
crystallographic  orientations.  It  is  unlikely  therefore  that  the  observed  abnormal 
grain  growth  was  associated  with  the  formation  of  a  specific  texture  during  or 
after  cryogenic  deformation. 
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In  conclusion,  severe  cryogenic  deformation  of  copper  has  been  found  to 
lead  to  very  poor  microstructure  stability.  Both  normal  and  abnormal  grain  growth 
occur  during  long-time  exposure  at  room  temperature  following  such  processing. 
Thus,  the  utility  of  cryogenic  deformation  for  the  production  of  nanocrystalline 
structures  in  copper  appears  to  be  limited. 
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Table  1.  Nominal  chemical  composition  (wt.  %)  of  program  material 
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Figure  Captions 

Fig- 1.  Effect  of  static  storage  at  room  temperature  on  Vickers  microhardness. 
For  comparison  purposes,  the  microhardness  of  the  as-received  hot- 
rolled  bar  and  “abc”-preconditioned  material  is  also  shown. 

Fig.  2.  Selected  portions  of  EBSD  maps  of  the  microstructure  after  cryogenic 
high-pressure  torsion  and  static  storage  at  room  temperature.  LABs  and 
HABs  are  depicted  as  red  and  black  lines,  respectively.  RD,  SD  and 
SPN  denote  the  radial  direction,  shear  direction,  and  shear-plane 
normal,  respectively, 

Fig.  3.  Effect  of  static  storage  time  at  room  temperature  on  (a)  the  size 
distribution  of  the  fine  equiaxed  grains,  (b)  misorientation-angle 
distribution  and  (c)  misorientation  perturbations  along  twin  boundaries. 

Fig.  4.  Effect  on  texture  of  static  storage  at  room  temperature  for  (a)  2  weeks,  or 
(b)  11  months.  Figure  (c)  summarizes  the  ideal  simple-shear  texture 
components,  as  indicated  by  the  various  symbols  (after  Li,  et  al.  [9]). 
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2  weeks  at  room  temperature 


11  months  at  room  temperature 


Fig.  2.  Selected  portions  of  EBSD  maps  of  the  microstructure  after  cryogenic  high-pressure  torsion  and  static 
storage  at  room  temperature.  LABs  and  HABs  are  depicted  as  red  and  black  lines,  respectively.  RD,  SD  and  SPN 
denote  the  radial  direction,  shear  direction,  and  shear-plane  normal,  respectively, 
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Fig.  3.  Effect  of  static  storage  time  at  room  temperature  on  (a)  the  size  distribution  of  the  fine  equiaxed  grains, 
(b)  misorientation-angle  distribution  and  (c)  misorientation  perturbations  along  twin  boundaries. 
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max: 


Fig.  4.  Effect  on  texture  of  static  storage  at  room  temperature  for  (a)  2  weeks,  or  (b) 
11  months.  Figure  (c)  summarizes  the  ideal  simple-shear  texture  components,  as 
indicated  by  the  various  symbols  (after  Li,  et  al.  [9]). 
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